Yttria-stabilized zirconia (YSZ, ZrO 2 :Y 2 O 3 ) thin films were deposited by reactive DC magnetron sputtering with a high deposition rate from a metallic target of Zr/Y in an argon/oxygen atmosphere. Plasma parameters and composition analysis of the gas phase reveal that the sputtering process in the "compound" mode is reached for a 2.5 sccm oxygen flow rate. Deposition onto silicon in "metal" mode at a flow rate close to the transition, allows obtaining at very high deposition rates (> 10 µm.h -1 ) a compact columnar stoichiometric crystallized YSZ film.
In order to ensure that the total internal resistance of a fuel cell is sufficiently small, the ASR (area specific resistivity: ratio between the thickness and the conductivity of the layer) of the electrolyte must be lower than 0.15 .cm 2 [5] .
As at intermediate temperature (600°C), the electrolyte layer conductivity has to be higher than 10 -2 S.cm -1 , the classical 100 µm-thick 8YSZ layer can not be used. In this range of temperature, the thickness of an YSZ electrolyte layer should be lowered down to 10 µm.
Conventional firing ceramic processing techniques such as screen printing, and tape casting lead to prepare 10-100 µm thick YSZ electrolyte layers. Nevertheless, there are works showing that screen-printing of YSZ electrolytes for SOFC is possible with thicknesses of around 10 micrometers and below [6] [7] . Among the alternatives, vacuum thin films technologies are advanced methods that allow thin layer (0.1-20 µm) synthesis, avoiding a high temperature sintering step (>1000°C) [8] . Plasma magnetron techniques [9] are very weakly polluting -neither toxic gases nor liquid emissions -industrial methods. By these last techniques, uniform thin films can be obtained over large areas at quite low temperature (<600°C). Properties of the films can be monitored in wide ranges by the choice of the deposition conditions.
Previous investigations have shown that dense, gastight, electronic insulating and ionic conductor YSZ thin film can be successfully deposited by DC magnetron sputtering from metallic targets [10, 11] or by RF magnetron sputtering of a ceramic YSZ target [12] . Ni-YSZ anode [13] and LSM cathode [14] can also be deposited by these techniques.
In the present work, a study of the plasma according to the target voltage and the oxygen flow rate is first made to evidence and control the metal and compound sputtering modes. 10 μm-thick YSZ films are grown on (100) silicon single crystal and commercial NiO-YSZ anode substrates. Deposition conditions and substrate nature which influences the film properties are studied and discussed. Finally, the fuel cell performance of YSZ films showing the most promising properties are evaluated through electrochemical tests.
Experimental

Magnetron sputtering device
Magnetron sputtering experiments were performed in a stainless steel (Ø=15 cm; h=13 cm) deposition chamber ( Figure 1 ). Before deposition, the chamber was evacuated down to 10 -4 Pa using a turbo molecular pump; the deposition pressure was 1.2 Pa. Argon (Air Liquide 99.9995%) and oxygen (Air Liquide 99.9995%) flow rates were monitored by two mass flow controllers and entering the chamber by the same tube. A vacuum-melted metallic zirconium-yttrium target (82/18 wt%, NEYCO 99.5%) was clamped to a 2"-planar magnetron (Thin Film Consulting ION'C-2") powered by a direct current power supply (Advanced Energy Pinnacle+). The current intensity was set at 1 A, which corresponds to a specific power density close to 12 W.cm -2 . This device was optimized to enhance the deposition rate by using a 5 cm-long chimney to avoid deposition everywhere in the chamber. The samples were fixed with silver paste on a substrate holder located 7 cm away from the cathode.
During deposition, the surface temperature of the sample was not regulated. In this study, only the influence of the oxygen flow rate will be considered.
Process and characterizations of thin films
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The film thickness and the surface morphology were determined by scanning electron microscopy (SEM, Carl
Zeiss supra-40 FEG-SEM) by using the secondary electron mode detection. [15] . The control of phases and their preferred orientation regarding the surface substrate were performed by -2 X-Ray Diffraction (XRD) using the Cu K radiation (λ=1.54056 Å) in the 25°-62° 2 range.
Analysis of the reactive phase composition was carried out by Optical Emission Spectroscopy (OES) above the substrate holder using an optical fiber through the porthole at the entrance of argon gas ( Figure 1 ). A spectrometer BWtek BCT110E (1 nm resolution) records the emission spectrum of the plasma in the range 300-900 nm.
The electrochemical properties were studied on single cell assembly according to Figure 2 . The experimental device allows feeding the cell with water and hydrogen diluted with nitrogen at the anode side of the cell, and an air supply at the cathode side. Hydrogen causes the reduction of nickel oxide in the cermet during early operation of the cell. Finally, specific wires dedicated to voltage measurements (no current flow) were used as electrical connectors. The anode side was sealed contrary to the cathode one since the enhancement of unused oxygen was not under investigation. A load (200 g.cm -2 ) was applied to the cell to ensure a proper electrical contact. The temperature of the system was raised to 850 °C at a rate of 0. In order to characterize the deposition conditions, it is interesting to study the behavior of the plasma when the experimental parameters (oxygen flow rate) are modified.
The plasma light emission was observed by the lateral window used for OES. In the absence of oxygen, the plasma is confined within the chimney near the cathode and only illuminates the exposed face of the substrate holder. The introduction of a low oxygen flow induces a change in the plasma color. For high oxygen flow rates, the plasma completely changes and is no longer localized in the chimney vicinity, but fills the entire reactor. The oxygen flow thus plays a major role on the expansion of the plasma emitting zone.
While the process is current regulated, the voltage varies with plasma experimental conditions. Figure 3 presents the evolution of the cathode voltage and of the pressure measured in the chamber with respect to the oxygen flow rate while maintaining the same pumping speed. When the oxygen flow rate increases, the target voltage undergoes a small increase up to a critical point. At the same time, the pressure remains stable in the chamber. For a flow rate of 2.5 sccm, the voltage sharply rises and the pressure reaches a value slightly lower than that measured in the absence of the plasma (dotted line). Beyond 2.5 sccm, the voltage increases linearly.
The pressure undergoes the same increasing as it would do without plasma. For a decreasing oxygen flow rate, a transition of the same type occurs but at much lower flow rate value (0.8 sccm) and the values before the cycle are retrieved. A similar hysteresis behavior has already been described by Venkataraj [17] in reactive sputter deposition of YSZ for the same oxygen flow rates.
This highlighted hysteresis is characteristic of a reactive sputtering process [18] . Initially, oxygen which has a very strong chemical affinity for metals is introduced in an amount sufficiently low that it is completely gettered on the reactor walls, the sputtered target and the freshly deposited metallic atoms. So the measured pressure remains unchanged. The gas phase, mainly consisting in argon, is unchanged: the plasma characteristics and the target voltage do not evolve. This is known as "metal" sputtering mode. When the oxygen amount is increased, this behavior remains until the metallic vapor / surface atoms cannot getter all the oxygen any more. Beyond, oxygen can completely cover the metallic sputter target and poisons it, forming insulating (ZrO 2 and Y 2 O 3 )
oxides. Thus the sputter voltage increases in order to maintain the current and the unadsorbed oxygen causes a sudden increase of the pressure. Theses conditions are known as "compound" sputtering mode. As the secondary electron emission coefficient is larger for the zirconium oxide than for pure metal [18] , the measured voltage for a given current is expected to be higher in absolute value and the efficiency of the sputtering is strongly reduced.
Reducing the oxygen flow, the "compound" mode is maintained down to the point for which all the gettered oxygen is removed from the sputter target surface to return to "metal" mode.
An optic fiber collects the signal from the plasma 1 cm above the substrate holder. intensity as a function of oxygen flow rate. The two sputtering modes are easily observable: in "metal" mode, the argon intensity is weak, whereas in "compound" mode, intensity is ten times larger. It is known that the upper level of this argon line is populated by electronic collisions from the ground state level. The evolution of this line is therefore representative of the energetic state of the plasma, i.e. the electron energy distribution function.
Thus, the intensity ratio between lines of the other elements and the Ar (750 nm) one allows, in a first approximation, to get rid of the evolution of plasma parameters (electron density and electron temperature) in different experimental conditions.
hal-00757718, version 1 -27 Nov 2012 detected species with respect of the oxygen flow rate. In the "metal" mode, the ratios of zirconium and yttrium tend to increase with the introduction of oxygen up to the transition. On the contrary, in "compound" mode, no lines were detected. The ratio of atomic oxygen follows a different trend: atomic oxygen is not detected in "metal" mode. After the transition, its value sharply increases and then linearly with the oxygen flow rate. When the oxygen flow rate decreases, the atomic oxygen ratio decreases linearly until the transition beyond which atomic oxygen becomes undetectable. This evolution is similar to that of the pressure in the chamber and shows that, in "metal" mode, atomic oxygen concentration is very low in the gas phase, unlike in the "compound" mode. From Figure 4d , it appears that Ar + ions are only detected in "compound" mode. This proves that -as can also be deduced from the increase of the 750 nm argon line intensity (Figure 4a ) and the delocalization of the plasma far from the target -the plasma created in "compound" mode is very different from that obtained in mode "metal". It is more energetic around the substrate holder.
The plasma analysis clearly evidences both sputtering modes. For an oxygen flow rate below 2.5 sccm, the plasma is localized near the cathode. Metallic elements are sputtered away from the target and atomic oxygen is not detected in the gas phase: the sputtering is in "metal" mode. For a oxygen flow rate beyond 2.5 sccm, in "compound" mode, the plasma is not confined near the target but fills the whole chamber. Atomic oxygen is present in the gas phase while the metal species (Zr and Y) become undetectable; in this mode, the surface of the metallic target is fully oxidized and the argon ions sputter ZrO and YO [19] . Unfortunately, ZrO and YO molecular bands (respectively at 482.8 nm and 613.2 nm) could not be detected by our optical detection system.
Deposition on silicon
The properties of the YSZ films deposited by magnetron sputtering have been studied by using (100) silicon wafer substrates which are more suitable for surface analyses.
The conditions of deposition, for studying the influence of oxygen flow rate on the investigated films, have been chosen from the electrical characterization of the plasma. Four conditions were selected: one without oxygen, two in "metal" mode (1 and 2 sccm) and one in "compound" mode (3.5 sccm). The argon flow rate is maintained at 4 sccm. In "metal" mode, the deposition rate ( Figure 5 ) reaches 15 µm.h -1 ; which is higher than reported in literature [20, 21] because of the high power density applied on the target (12 W.cm -2 ) and the close vicinity to the substrate.
The increase of oxygen flow rate until 2 sccm tends to enhance the deposition rate. This trend has already been observed in magnetron sputtering of various metals in oxygen atmosphere and is usually attributed to the so called gettering effect [22, 23] . Indeed, before the transition, i.e. before the target gets fully poisoned, the growing film adsorbs oxygen atoms and the deposited thickness is higher than for a pure metallic film [19, 24] .
However, this phenomenon can be not significant for ZrO 2 deposition [25] . In the "compound" mode, on the contrary, the deposition rate becomes very low (0.8 µm.h -1 ) and which is not suitable for the deposition of a few micrometer thick films required for the SOFC application.
The morphology of the films was studied by surface and fracture cross-section ( Figure 6 ) SEM observation. The coating obtained without oxygen presents very fine columns. On the surface, no visible structures are identified.
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the oxygen flow rate, the structure becomes columnar with a larger column width. The surface topology is characterized by angular-shape grains of about 200 nm width. Film obtained in "compound" mode (3.5 sccm) is not thick enough to determine its cross-section morphology by SEM. On the surface, the structure appears smoother and numerous small grains are distinguishable. 
For the film obtained in pure argon atmosphere, the x parameter reaches 13.6 which corresponds to the value expected in the sputtered particles flux -calculated with the TRIM/SRIM software [26] -for the bombardment of the Zr/Y target by 300 eV argon ion (x sputt =13.6).
In "compound" mode deposition, the x parameter of the coating is lower (x 3.5 sccm =9.7) than in oxygen free deposition expressing a lowered yttrium content. This value is in agreement with the x parameter calculated from the measured target composition (x target =9.9).
As the standard free energy of formation of yttrium oxide (-1206 kJ.mol -1 @323K) is lower than that of zirconium oxide (-1037 kJ.mol -1 @323K) [27] , the yttrium atoms will be preferentially oxidized compared to zirconium atoms. The sputtering yield being lower for yttria than for metallic yttrium, in presence of oxygen, the particle flux sputtered from the target contains less yttrium atoms, whereas the zirconium quantity remains almost constant. This results in lowering of yttrium content in the film.
When the target is fully oxidized (in "compound" mode), oxidized species (ZrO and YO) are sputtered [19] .
Their sputtering yields are weak and close to each other: the composition in the metallic element of the target is thus kept in the film.
It is important to note that, whatever the oxygen flow rate used, the composition of films is in the range 8YSZ-12YSZ for which the theoretical ionic conduction of cubic YSZ is optimal [3] .
Regarding the oxidation level (Figure 7b ), the films are found totally metallic in the absence of oxygen. They become fully oxidized for a oxygen flow rate above 2 sccm. At 1 sccm, the oxygen amount adsorbed at the surface of the growing film is low and a 30% lack of oxygen is measured. Figure 8 includes X-ray diffraction diagrams in -2 geometry of thin films deposited in "metal" mode. The film in "compound" mode was not thick enough to obtain a usable signal in this XRD configuration.
When the deposition process occurs in pure argon atmosphere, only two sharp peaks at 30.9° and 33.9° are detectable. They can be attributed respectively to the ( For 1 sccm of oxygen, only one peak (33.8°) remains on the diffraction diagram. Furthermore, its intensity is 400 times lower than the peak observed at this angle for the film synthesized without oxygen, and its integral width is 16 times larger: the film presents a lower ordered structure.
This peak can be indexed either as the (0002) plane of the Zr:Y solid solution, or as the (002) plane of the tetragonal zirconia (JCPDS #42-1164). Due to its large width and the absence of any other peaks, it is not possible to determine which phase is present; both of them could co-exist. The oxygen flow rate is a very important parameter to monitor the properties of YSZ deposited by magnetron sputtering from a metallic target: it should be high enough to oxidize all the metallic sputtered particles reaching the substrate and to stabilize a well-ordered crystalline oxide phase but it must not exceed the value at the transition in order to avoid entering the "compound" regime where the deposition rate is very low. In the intermediate range (at 1 sccm), oxygen incorporated in the film impedes the formation of an ordered solid solution and does not allow the crystallization of a stable oxide phase.
The film deposited on silicon wafer with a oxygen flow rate of 2 sccm fulfills to all the requirements for SOFC electrolyte application [3] : the composition is in the range 8YSZ-12YSZ (11YSZ); the material is crystallized in the cubic phase; no porosity was detected by SEM observation (the electrolyte must be gastight); the deposition rate allows the synthesis of a 5 µm thick layer in a reasonable time (20 min).
Coating on commercial anode
In the optimized experimental conditions determined on silicon, a 1 μm thick coating was achieved on a real commercial anode. This substrate is a NiO-YSZ composite which has a surface pores of about 1 μm in diameter and a marked roughness (R max = 2 μm). This anode is composed of two layers: (1) The behavior of the YSZ film deposited on this anode must be tested in reducing, but also oxidizing atmosphere.
Indeed, in the operating conditions, deposited side of the coating undergoes reducing atmosphere, whereas open side is in contact with air atmosphere.
Thin film analysis first shows that the thickness of the film deposited on the anode is the same as that on silicon.
The cross-section structures are also preserved: dense columns are present on the rough substrate that follows the morphology of the surface. The angular-shaped grains already evidenced on silicon ( Figure 6 ) are also observed on the NiO-YSZ substrate (Figure 9 ). EDS and XRD analyses show that the elemental composition and crystallinity of the film are the same as for Si supported film. This indicates that the sticking coefficient of the metallic elements is quite the same on both substrates. Moreover, the oxidizing process taking place on the substrate surface is not significantly modified by the morphology or nature of the substrate.
On large-scale SEM images (not shown here), one can note that the porosity of the substrate is locked by the film. Moreover, as reported by Wang [31] and Coddet [32] on AFL coated anode substrate, no obvious intercolumn porosity is evidenced.
Annealing in air was performed at 600°C for 90 min. Neither peelings nor cracks of the coating were observed. The surface of the film is slightly smoother than before annealing. A sintering of the columns took place inducing densification of the film (Figure 9 ). Neither modification of elemental composition nor of the crystallinity are observed. Annealing in hydrogen (5% H 2 in Ar) was performed at 700°C for 24 h. The reduction of NiO grains of the substrate led to the increase of the porosity in the "active" layer of the anode. The behavior of the film during H 2 treatment is rather the same as for air treatment, although it might be more stressful due to NiO volume reduction and H 2 O outgassing. Nevertheless, neither cracks nor peelings are detected and the morphology is unchanged.
All the above observations prove that YSZ films synthesized by reactive magnetron sputtering in optimum deposition conditions (2 sccm oxygen flow rate) would be good candidates for SOFC electrolyte layer. To check this assumption, electrochemical tests have been performed on film deposited onto a NiO-YSZ anode.
Fuel cell tests
5 µm-thick YSZ electrolyte was deposited by magnetron sputtering on the H.C. Starck commercial NiO/YSZ anode in the optimal deposition conditions. The two SOFC configurations with the different cathodes (platinum and lanthanum strontium manganite) as described in the experimental section are represented in the Figure 2 .
The 900°C electrolyte layer (Figure 10a ) presents a classical compact columnar structure, the 1300°C annealing (Figure 10b ) leads to a sintering of the columns to grains with the formation of closed porosity between the grains. Neither cracks nor crossing porosity are observed. These cells were evaluated by their I-V characteristics at 800°C and 850°C ( Figure 11) . Air was used at the cathode side, whereas hydrogen diluted in nitrogen is introduced at the anode side.
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Whatever the tested configurations, the voltage measured in open circuit (OCV) is always close to 1 000 mV (Table 1) . These values are slightly lower than the state-of-art (1 110 mV) probably due to tiny leak in the electrolyte. Nevertheless, it is high enough to test the behavior of the electrolyte under charge. The close values of OCV found for both (900 and 1300°C) annealing treatments indicate that they do not provide any enhancement of the gastightness of the electrolyte.
The efficiency of the cell was strongly dependent on the test temperature (Table 1) . A rise of 50°C led to increase the maximum power (Pmax) and the current density (j@700mV) obtained at 700 mV by 50%. For Pt cathode, the performances of the cell are low at 850°C and no recordings were done at lower temperature. The use of LSM cathode enhanced the efficiency by doubling the maximum reached power (Pmax) and a corresponding fourfold increase in power density. This phenomenon is due to the increasing of the Three-PhaseBoundaries (TPB) number by changing the cathode: for platinum, they are located only at the point of contact between platinum and electrolyte whereas, for real LSM cathode the mixed porous LSM/YSZ layer allows to delocalize the reduction reaction all along the cathode surface in contact with the gas.
The area specific resistivity (ASR) deduced at 700mV for Pt cathode cell (Table 1) is too high for a use as SOFC. ASR is strongly promoted by the high temperature operation and become closer to the target value of 0.15 .cm -2 [5] .
These results are slightly lower than those of Coddet et al. [32] with a YSZ magnetron sputtering SOFC: they obtained a current density of 800 mA.cm -2 at 700mV for a 6 µm thick YSZ electrolyte but with a even more efficient cathode made in LSC (lanthanum strontium colbaltite). Nevertheless, it can be compared with thin film electrolyte technologies SOFC (100-1000 mA.cm -2 ) but remains lower than SOFC obtained by traditional firing methods (1000-1400 mA.cm -2 ) and has efficiency close to commercial H.C. Starck ESC2 fuel cell (500 mA.cm -2 @700mV). On the other hand, Nédélec et al. [33] have reached a current density of 1750 mA.cm -2 and an ASR of 0.17 for a 2 µm DC magnetron sputtered YSZ. Also they used an improved LSCF cathode and add RF biasing of the substrate for getting denser electrolyte. All these improvement can allow better performances than reached in the present study.
Conclusion
Yttria stabilized zirconia coatings were obtained by reactive magnetron sputtering from a metallic target of Zr/Y in an argon/oxygen atmosphere. Plasma parameters and composition of the gas phase analyses show the presence of a transition from "metal" to "compound" sputtering mode for a flow rate of 2.5 sccm of oxygen.
Deposition on silicon shows the need to work in "metal" mode at a flow rate close to the transition to obtain a stoichiometric crystallized YSZ with very high deposition rates (> 10 µm.h -1
) compared to those reported in literature. Although these deposits are columnar, they appear compact according to SEM observations. Coatings on NiO-YSZ anode commercial exhibit the same properties: in addition, the film follows the complexity of the substrate (roughness and porosity) to form a compact and covering layer. Annealing treatments on air or hydrogen atmosphere do not significantly alter the structure of the layers. SOFC complete cell were designed in commercial NiO-YSZ anode supported configuration: YSZ electrolyte was deposited by magnetron sputtering, whereas cathode (platinum or lanthanum strontium manganite) was screen painted. A LSM-based cathode is more efficient than a Pt one. All the configurations are gastight enough to be analyzed. At 850°C, the maximum power reaches 350 mW.cm -2 with an ASR of 0.6 .cm -2 which are comparable to commercial device.
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